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their interaction studies, such as characterization of relaxin 
analogues or screening novel agonists or antagonists of 
RXFP1.
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Introduction

Relaxin is a prototype of the relaxin family peptide hor-
mones, which includes relaxin, relaxin-3 (also known as 
INSL7), INSL3, INSL4, INSL5, and INSL6 (Bathgate 
et al. 2013; Cernaro et al. 2014; Nair et al. 2012). Relaxin 
was discovered in the 1920s and named “relaxin” because it 
induces relaxation of the pubic symphysis (Hisaw 1926). In 
the 1970s, the primary structure of relaxin was elucidated 
and it was found to be similar in structure to insulin, which 
resulted in the coining of the term “insulin superfamily” 
(James et al. 1977; Schwabe and McDonald 1977). In the 
early 1980s, relaxin genes were cloned from different spe-
cies (Hudson et al. 1981, 1983), and it was confirmed that 
the two-chain relaxin was synthesized in vivo in a single-
chain form. In humans and other primates, there are two 
relaxin genes, RLN1 and RLN2, but relaxin-2 is the major 
form found in circulation and in storage. In rodents and 
other mammals, only one relaxin gene is present. Although 
the physiological functions of relaxin have been extensively 
studied since its discovery, its receptor remained unknown 
for almost 80 years. It was only in 2002 that the orphan G 
protein-coupled receptor LGR7 (renamed as RXFP1 later) 
was found to be the long sought relaxin receptor (Hsu et al. 
2002).

Relaxin is primarily expressed in the corpus lutea in 
females and in the prostate in males. Relaxin has classical 
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reproductive functions, such as softening of the pelvic liga-
ment for delivering offspring and promotion of mammary 
gland development in females, and maintaining sperm 
motility in males. Moreover, relaxin also has important 
non-reproductive functions, as evidenced by its anti-fibrotic 
and vasodilatory effects. Given the vasodilatory effect of 
relaxin, its role in the treatment of acute heart failure has 
been under investigation (Teerlink et al. 2013).

Ligand–receptor binding assay is a widely used tech-
nique to study the interaction of hormones with their recep-
tors (Bylund and Toews 2011; Hulme and Trevethick 2010; 
Maguire et  al. 2012). However, the conventional assays 
rely on radioisotope-labeled tracers, which have drawbacks 
such as radioactive hazards and short shelf lives. In recent 
studies, we developed novel bioluminescent ligand–recep-
tor binding assays for some protein/peptide hormones 
(He et  al. 2014; Liu et  al. 2015; Song et  al. 2015; Zhang 
et  al. 2013a) based on a small nanoluciferase (NanoLuc) 
reporter that has the brightest bioluminescence reported to 
date (Hall et al. 2012). In the present study, we applied the 
novel bioluminescent ligand–receptor binding assay to the 
relaxin-RXFP1 system to facilitate their interaction studies, 
such as characterization of relaxin analogues and screening 
of novel agonists or antagonists of RXFP1.

Materials and methods

DNA manipulation

The gene encoding the easily labeled relaxin precursor was 
constructed from four chemically synthesized oligonu-
cleotide primers through annealing and elongation via T4 
DNA polymerase. After cleavage by the restriction enzyme 
KpnI, the synthesized gene was ligated into a pPinkα-HC 
vector (Invitrogen, Carlsbad, CA, USA), which had been 
pre-cleaved by the restriction enzymes StuI (blunt end) and 
KpnI (sticky end), resulting in the formation of the expres-
sion construct pPinkα-HC/relaxin. The nucleotide sequence 
of the easily labeled relaxin precursor was confirmed by 
DNA sequencing.

Overexpression of the easily labeled relaxin precursor

The expression construct pPinkα-HC/relaxin was linearized 
using the restriction enzyme SpeI and transformed into 
PichiaPink strain 1 using the spheroplast approach. Transfor-
mants were grown on a selective PAD plate and inoculated 
into 50 ml of liquid BMGY medium for small-scale metha-
nol induction according to the manual of the PichiaPink™ 
Expression System (Invitrogen). Expression levels of the 
easily labeled relaxin precursor were analyzed using tricine 
SDS-PAGE. The colony with the highest expression level 

was used for large-scale culture in salt medium (5 g/l NH4Cl, 
4  g/l KH2PO4, 4  g/l K2HPO4, 0.4  g/l CaCl2, 0.4  g/l NaCl, 
2 g/l MgSO4, and 2 ml/l PTM1 trace elements) in shaking 
flasks and induced by addition of methanol at an interval of 
12 h according to our previous procedure (Guo et al. 2015).

Purification of the easily labeled relaxin precursor

Culture broth supernatant was first loaded onto a cation 
ion-exchange column (sulfonic ethyl Sephadex) pre-equil-
ibrated with 20  mM glycine buffer (pH 2.0). After load-
ing, the column was washed with 20  mM glycine buffer 
(pH 2.0), and the bound easily labeled relaxin precursor 
was eluted from the column using 20  mM glycine buffer 
(pH 2.0) containing 1.0 M NaCl. The eluted fraction was 
then subjected to high-performance liquid chromatogra-
phy (HPLC), and the easily labeled relaxin precursor was 
eluted from a C18 reverse-phase column (Zorbax 300SB-
C18, 9.4 ×  250  mm; Agilent Technologies, Santa Clara, 
CA, USA) by an acidic acetonitrile gradient, manually col-
lected, lyophilized, and analyzed by mass spectrometry.

Enzymatic maturation of the easily labeled relaxin 
precursor

The purified easily labeled relaxin precursor was dissolved 
in digestion buffer (100 mM Tris–HCl, 2 M urea, pH 8.0) 
at a final concentration of approximately 5  mg/ml. First, 
endoproteinase Lys-C (Sigma-Aldrich, St. Louis, MO, 
USA) was added (1 U enzyme versus ~15 mg peptide), and 
the digestion was carried out at 30  °C overnight. Second, 
purified papaya glutaminyl cyclase was added (mass ratio 
of enzyme to peptide, 1:100) and the solution was continu-
ously incubated at 30 °C for 3 h. Third, carboxypeptidase 
B was added (mass ratio of enzyme to peptide, 1:100) and 
the solution was continuously incubated at 30 °C for 1 h. 
Finally, the mixture was acidified to pH3 and subjected 
to HPLC. The mature easily labeled relaxin was eluted 
from a C18 reverse-phase column (Zorbax 300SB-C18, 
4.6 ×  250  mm; Agilent Technologies) by an acidic ace-
tonitrile gradient, manually collected, lyophilized, and ana-
lyzed by mass spectrometry.

Circular dichroism analysis

The mature easily labeled relaxin was dissolved in 
1.0 mM aqueous HCl (pH 3.0) and quantified by absorb-
ance at 280  nm using the extinction coefficient of 
12,490  M−1  cm−1. Thereafter, its final concentration was 
adjusted to 20 μM, and circular dichroism measurement 
was carried out on a Jasco-715 polarimeter at room tem-
perature. The spectrum was scanned from 190 to 250 nm 
using a cuvette with a 1.0-mm path length. The secondary 
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structural content was estimated from the spectrum using 
the software J-700 for Windows Secondary Structural Esti-
mation (Version 1.10.00).

Receptor activation assay of the mature easily labeled 
relaxin

The receptor activation assays were carried out accord-
ing to our previous procedure (Zhang et  al. 2012b) using 
human embryonic kidney (HEK) 293T cells transiently 
cotransfected with the expression construct of human 
RXFP1 (pcDNA6/RXFP1) and the cAMP-response ele-
ment (CRE)-controlled NanoLuc reporter vector pNL1.2/
CRE (Zhang et al. 2014) that was generated in our previ-
ous work by insertion of a synthetic CRE sequence into the 
pNL1.2 vector (Promega, Madison, WI, USA). The trans-
fected cells were trypsinized and seeded into a 96-well 
plate, and the cells were continuously cultured for 24–36 h 
to ~90 % confluence. Thereafter, the medium was removed 
and the assay solution (serum-free DMEM medium plus 
1 % bovine serum albumin), containing 25 μM 3-isobutyl-
1-methylxanthine and various concentrations of mature 
easily labeled relaxin, was added (100 μl/well). After con-
tinuous culture for 5–6 h, the cells were lysed using Lysis 
Solution (Promega, 100 μl/well) and the cell lysate was 
transferred to a white opaque 96-well plate (50 μl/well). 
After addition of freshly diluted substrate (50 μl/well), bio-
luminescence was immediately measured on a SpectroMax 
M5 plate reader (Molecular Devices, Sunnyvale, CA, USA) 
using the luminescence mode. The measured biolumines-
cence data were expressed as mean ± SE (n = 3) and fitted 
with sigmoidal curves using the SigmaPlot10.0 software.

Chemical conjugation of the easily labeled relaxin 
with NanoLuc

For N-succinimidyl-3-(2-pyridyldithiol)propionate (SPDP) 
modification, the mature easily labeled relaxin was dis-
solved in dimethyl sulfoxide at a final concentration 
of ~1.5 mM. The modification reagent SPDP was dissolved 
in anhydrous N,N-dimethyl formamide at a final concen-
tration of 80 mM. To initiate modification, one volume of 
the relaxin stock solution was sequentially mixed with 0.73 
volumes of 0.2 M aqueous phosphate buffer (pH 7.5), 0.17 
volumes of 6 M guanidine chloride, and 0.1 volumes of the 
SPDP stock solution. The modification reaction was car-
ried out at 30 °C for 1–2 h. Thereafter, the reaction mixture 
was diluted 10-fold with water, acidified to pH3 with trif-
luoroacetic acid, and subjected to HPLC. The peaks eluted 
from a C18 reverse-phase column (Zorbax 300SB-C18, 
4.6 ×  250  mm; Agilent Technologies) by an acidic ace-
tonitrile gradient were manually collected, lyophilized, and 
analyzed by mass spectrometry.

For conjugation with the engineered NanoLuc (Luc-
Cys) carrying a unique exposed Cys at the C-terminus (Liu 
et  al. 2015), the SPDP-modified relaxin was dissolved in 
1.0 mM aqueous HCl solution (pH 3.0) at a final concentra-
tion of ~0.3 mM. Thereafter, one volume of the modified 
relaxin stock solution was sequentially mixed with one vol-
ume of reaction buffer (300 mM Tris–HCl, 3.0 mM EDTA, 
and 6.0  M urea, pH 7.5) and one volume of the purified 
NanoLuc solution (eluted from a DEAE column with a 
concentration of ~0.1 mM). The conjugation reaction was 
carried out at 30  °C for 30  min. Thereafter, the reaction 
mixture was 10-fold diluted with 20 mM phosphate buffer 
(pH 7.5) and loaded onto a DEAE ion-exchange column 
(TSKgel DEAE-5PW, 7.5 × 75 mm, from Sigma Aldrich). 
The peaks eluted by a sodium chloride gradient were man-
ually collected and analyzed by non-reducing SDS-PAGE.

Receptor‑binding assays

HEK293T cells were transiently transfected with the 
expression construct of human RXFP1 (pcDNA6/RXFP1). 
The next day, the transfected cells were trypsinized and 
seeded into a 96-well plate. After the cells grew to con-
fluence (24–36 h), the medium was removed and binding 
solution (serum-free DMEM medium plus 1  % bovine 
serum albumin) was added (100 μl/well). In the saturation 
binding assays, the binding solution contained various con-
centrations of the NanoLuc-conjugated relaxin (R2-Luc); 
in the competition binding assays, the binding solution 
contained 0.5  nM of R2-Luc and various concentrations 
of the competitor. Nonspecific binding was determined 
by competition with 1.0 μM of the mature easily labeled 
relaxin. After incubation at 21 °C for 1–2 h, the assay solu-
tion was removed and the cells were washed twice with 
ice-cold phosphate-buffered saline (200 μl/well for each 
wash). Subsequently, the cells were lysed using Lysis Solu-
tion (100 μl/well, from Promega), and the cell lysate was 
transferred to a white opaque 96-well plate (50 μl/well). 
After addition of the freshly diluted substrate (50 μl/well), 
bioluminescence was immediately measured on a Spectro-
Max M5 plate reader (Molecular Devices) using the lumi-
nescence mode. The measured bioluminescence data were 
expressed as mean ± SE (n =  3) and fitted with one-site 
binding curves using the SigmaPlot10.0 software.

Results and discussion

Design of an easily labeled relaxin for site‑specific 
conjugation with NanoLuc

To apply the novel bioluminescent ligand–receptor bind-
ing assay to the relaxin-RXFP1 system, we designed an 
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easily labeled relaxin, in which three Lys residues of human 
relaxin-2 were replaced by Arg, for convenient site-specific 
conjugation with the NanoLuc reporter (Fig.  1). The eas-
ily labeled relaxin has a unique primary amine moiety at 
the B-chain N-terminus due to the formation of a primary 
amine-less pyroglutamate residue at its A-chain N-terminus 
and lack of internal primary amine moieties. Thus, it could 
be conveniently conjugated with an engineered NanoLuc 
reporter carrying a unique exposed C-terminal Cys residue 
(Liu et al. 2015) using the bifunctional cross-linker SPDP, 
which carries a primary amine-specific N-hydroxysuccin-
imidyl (NHS) ester moiety and a sulfhydryl-specific pyri-
dyldithiol moiety, according to our previous procedure 
(Zhang et al. 2013a). To prepare the easily labeled relaxin 
using the Pichia expression system, which can efficiently 
overexpress a chimeric R3/I5 precursor as found in our 
previous work (Guo et  al. 2015), we designed a single-
chain precursor in which the B-chain C-terminus and the 
A-chain N-terminus of the easily labeled relaxin were 
joined together by a short peptide linker (Fig.  1a). After 
secretory overexpression in Pichia pastoris and purifica-
tion, the precursor was converted to mature easily labeled 
relaxin through sequential treatment with endoproteinase 

Lys-C, papaya glutaminyl cyclase and carboxypeptidase B 
according to our previous procedures (Zhang et al. 2012a, 
b, 2013b).

Preparation of the easily labeled relaxin

After the synthesized gene of the easily labeled relaxin 
precursor was cloned into the Pichia expression vector 
pPinkα-HC and transformed into PinkPichia strain 1, the 
transformants were subjected to a small-scale expression 
test and tricine SDS-PAGE analysis confirmed secretory 
expression of the easily labeled relaxin precursor. There-
after, the transformant with the highest expression level 
was used for large-scale culture in salt medium in shaking 
flasks. As analyzed by tricine SDS-PAGE (Fig.  2a, inner 
panel), band density of the easily labeled relaxin precur-
sor (indicated by an asterisk) gradually increased after 
methanol induction and reached a plateau around 72–84 h. 
The precursor yield estimated from the band density was 
50–60 mg/l in the shaking flasks. If cultured in a fermenter, 
the yield would be significantly increased, typically over 
fivefold, because high cell density could be reached in 
fermentation.

For purification, the easily labeled relaxin precursor in 
the culture supernatant was first absorbed by a cation ion-
exchange column. The eluted precursor fraction from the 
ion-exchange column was then subjected to reverse-phase 
HPLC, and a major peak (indicated by an asterisk) was 
eluted from a C18 reverse-phase column (Fig.  2a). Mass 
spectrometry analysis confirmed that the major peak repre-
sented the easily labeled relaxin precursor fraction (meas-
ured value 7519.0; theoretical value 7519.5). From 1 l of 
the Pichia culture broth, approximately 30 mg of the puri-
fied precursor could be obtained. Thus, the easily labeled 
relaxin precursor could be efficiently prepared through 
overexpression in Pichia pastoris.

Thereafter, the purified easily labeled relaxin precursor 
was sequentially treated by endoproteinase Lys-C (cleav-
age of the peptide bond at the C-terminal of Lys residues), 
papaya glutaminyl cyclase (conversion of the A-chain 
N-terminal Gln to pyroglutamate after Lys-C cleavage), 
and carboxypeptidase B (removal of the additional B-chain 
C-terminal Lys residue after Lys-C cleavage). After the 
digestion mixture was subjected to HPLC, a major peak 
(indicated by an asterisk) was eluted from a C18 reverse-
phase column (Fig.  2b). As analyzed by mass spectrome-
try (Fig. 2b, inner panel), the major peak had the expected 
molecular mass (measured value 6117.0; theoretical value 
6118.1), which suggests that mature easily labeled relaxin 
was obtained after in  vitro enzymatic maturation. From 
10 mg of the purified precursor, typically 5–6 mg of mature 
peptide was obtained, suggesting that the enzymatic matu-
ration approach was efficient.

Fig. 1   a Schematic presentation of the amino acid sequence of the 
easily labeled relaxin precursor overexpressed in Pichia pastoris. The 
B-chain is shown in red, and the A-chain in green. Cys residues are 
shown as filled circles, and disulfide bonds as rods. The positions of 
Lys replaced by Arg are shown in blue. The cleavage sites of endo-
proteinase Lys-C are indicated by arrows. The A-chain N-terminal 
Gln residue that was converted to pyroglutamate by papaya glutami-
nyl cyclase after Lys-C cleavage is indicated by an arrowhead. The 
B-chain C-terminal Lys residue removed by carboxypeptidase B after 
Lys-C cleavage is indicated by an asterisk. b Schematic presentation 
of the NanoLuc-conjugated easily labeled relaxin (color figure online)
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Characterization of the mature easily labeled relaxin

To test whether the mature easily labeled relaxin was cor-
rectly folded, we analyzed its secondary structure by cir-
cular dichroism (Fig.  3a). The mature peptide showed a 
typical helix-dominated conformation similar to that of the 
recombinant relaxin-3. Its α-helix content estimated from 
the spectrum was 48 %, which is consistent with the crystal 
structure of human relaxin-2 (Eigenbrot et al. 1991). Thus, 
we deduced that the Pichia-overexpressed easily labeled 

relaxin had a native conformation with correct disulfide 
linkages.

Activity of the mature easily labeled relaxin was meas-
ured by receptor activation assay using a CRE-controlled 
NanoLuc reporter (Fig. 3b). The easily labeled relaxin acti-
vated the receptor RXFP1 in a typical sigmoidal manner, 
with a calculated pEC50 of 10.52 ± 0.11 (n = 3), consistent 
with the previously reported pEC50 value (10.60 ±  0.04, 
n =  4) of the chemically synthesized relaxin-2 (Bathgate 
et  al. 2006). The measured activity of the easily labeled 
relaxin was higher than that of the recombinant relaxin-3 
(pEC50 = 9.70 ± 0.07, n = 3), consistent with the previ-
ous study which showed that relaxin-2 has higher activity 
than relaxin-3 towards RXFP1 (Bathgate et al. 2006; Sudo 

Fig. 2   Purification and enzymatic maturation of the easily labeled 
relaxin precursor. a HPLC purification of the easily labeled relaxin 
precursor. The eluent from the cation ion-exchange chromatography 
was loaded on a C18 reverse-phase column and eluted by an acidic 
acetonitrile gradient. Inner panel tricine SDS-PAGE analysis. The 
culture supernatant (20 μl) after methanol induction was loaded onto 
a 16.5 % tricine SDS-gel. After electrophoresis, the gel was stained 
with Commasie Brilliant Blue R250. The band of the easily labeled 
relaxin precursor is indicated by an asterisk. b HPLC purification of 
the mature easily labeled relaxin. After the purified precursor was 
sequentially treated with endoproteinase Lys-C, papaya glutaminyl 
cyclase and carboxypeptidase B, the mixture was loaded onto a C18 
reverse-phase column and eluted by an acidic acetonitrile gradient. 
Inner panel mass spectrometry analysis of the major fraction

Fig. 3   Characterization of the mature easily labeled relaxin. a Cir-
cular dichroism spectra. b Receptor activation assay. The expression 
construct of human RXFP1 and a CRE-controlled NanoLuc reporter 
were cotransfected into HEK293T cells, and the NanoLuc activ-
ity was measured after these cells were treated with the mature eas-
ily labeled relaxin or relaxin-3. The measured bioluminescence data 
were expressed as mean ± SE (n = 3) and fitted to sigmoidal curves 
using the software SigmaPlot 10.0. Data are representative of two 
independent experiments that gave essentially the same results
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et  al. 2003). Thus, the easily-labeled relaxin retained full 
activity and was suitable for conjugation with the NanoLuc 
reporter.

Conjugation of the easily labeled relaxin with NanoLuc

To prepare a bioluminescent relaxin tracer for ligand–
receptor binding assays, we chemically conjugated the 
fully active easily labeled relaxin with an engineered Nano-
Luc (Luc-Cys) that carries a long hydrophilic arm and a 
unique exposed Cys at the C-terminus (Liu et  al. 2015). 
First, an active disulfide bond (pyridyldithiol moiety) 
was introduced into the B-chain N-terminus of the easily 
labeled relaxin through reaction with a bifunctional rea-
gent SPDP. After the modification mixture was subjected to 
HPLC, several peaks were eluted from a C18 reverse-phase 
column (Fig.  4a). After lyophilization, mass spectrometry 
analysis (Fig.  4a, inner panel) revealed that the asterisk-
indicated peak represented the modified relaxin carrying 
a single pyridyldithiol moiety (measured value 6314.0; 
theoretical value 6315.4). Thereafter, the modified relaxin 
was conjugated with Luc-Cys through disulfide exchange 
of the unique exposed Cys of Luc-Cys with the introduced 
active disulfide bond of the easily labeled relaxin. After 
the conjugation mixture was loaded onto an ion-exchange 
column, an asymmetric peak was eluted using a sodium 
chloride gradient (Fig. 4b). We manually collected the peak 
into three fractions (labeled as 1–3) and analyzed them 
using non-reducing SDS-PAGE (Fig. 4b, inner panel). The 
fraction 1 had a major band that represented the unreacted 
monomeric Luc-Cys (indicated by the letter m). The frac-
tion 2 had a major band that represented the expected con-
jugate (indicated by an asterisk) and two minor bands that 
represented monomeric and dimeric Luc-Cys (indicated by 
the letters m and d, respectively). The fraction 3 had a sin-
gle band of the expected conjugate (R2-Luc) with an appar-
ent molecular weight of approximately 30 kDa (theoretical 
value 29.2  kDa) and was used for later experiments. The 
bioluminescence of R2-Luc was 1.5  ×  105 counts/fmol 
when measured on a SpectroMax M5 plate reader using a 
white opaque 96-well plate, confirming that the NanoLuc 
reporter was fully active after conjugation with relaxin.

Binding affinity of the NanoLuc‑conjugated relaxin 
with the receptor RXFP1

To test whether R2-Luc retained high binding affinity with 
the receptor RXFP1, we carried out a saturation bind-
ing assay using HEK293T cells transiently overexpress-
ing human RXFP1 as the receptor source. As shown in 
Fig.  5a, R2-Luc bound the living HEK293T cells over-
expressing RXFP1 in a typical saturation manner, with a 
calculated dissociation constant (Kd) of 1.11  ±  0.08  nM 

(n = 3). The measured Kd of R2-Luc was similar to the pre-
viously reported Kd values of the europium-labeled relaxin 
(0.85 ± 0.08 nM for B-chain labeling and 0.50 ± 0.04 nM 
for A-chain labeling) (Shabanpoor et al. 2012) and the radi-
oisotope-labeled relaxin (0.209 ± 0.025 nM for 33P-labeling 
and 0.18 nM for 125I-labeling) (Sudo et al. 2003; Kuei et al. 
2007), thus the conjugated NanoLuc had no serious detri-
ments to the receptor-binding affinity of relaxin. In contrast, 

Fig. 4   Conjugation of NanoLuc with the easily labeled relaxin. a 
HPLC purification of the SPDP-modified easily labeled relaxin. After 
the mature easily labeled relaxin was modified by SPDP, the reaction 
mixture was loaded onto a C18 reverse-phase column and eluted by 
an acidic acetonitrile gradient. The peak of SPDP-modified relaxin 
is indicated by an asterisk. Inner panel mass spectrometry analysis 
of the SPDP-modified relaxin. b HPLC purification of the NanoLuc-
conjugated relaxin. After reaction of the SPDP-modified relaxin with 
Luc-Cys, the conjugation mixture was loaded onto a DEAE ion-
exchange column and eluted by a gradient of sodium chloride. The 
eluted peak was manually collected into three fractions labeled as 1, 
2 or 3. Inner panel non-reducing SDS-PAGE analysis of the eluted 
fractions. An aliquot of each fraction was loaded onto a 12 % non-
reducing SDS-gel. After electrophoresis, the gel was silver stained. 
The R2-Luc band is indicated by an asterisk, and the monomeric or 
dimmeric Luc-Cys bands are indicated by the letters m and d, respec-
tively
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no specific binding was detected on the non-transfected 
HEK293T cells (Fig. 5c), which suggests that the HEK293T 
cells did not express the endogenous relaxin receptor. Nano-
Luc itself could not bind the HEK293T cells overexpressing 
RXFP1 (Fig. 5c), which suggests that the detected specific 
R2-Luc binding with these cells was attributed to the easily 
labeled relaxin. Thus, R2-Luc retained high binding affinity 
with the receptor RXFP1, although a large NanoLuc moi-
ety was attached. The measured maximal binding capacity 
(Bmax) was 137000 ±  3000 counts/well (n =  3), equal to 
the average receptor density of ~11,000 receptors/cell (the 
specific activity of NanoLuc was 1.5  ×  105 counts/fmol 
and  ~5×104 cells/well). Moreover, nonspecific binding of 
R2-Luc was quite low due to the highly hydrophilic nature 
of the NanoLuc reporter. The Scatchard plot of the specific 
binding data was a linear curve (Fig.  5b), which suggests 
the one-site binding of R2-Luc with the receptor RXFP1.

Novel bioluminescent ligand–receptor binding assay 
for relaxin‑RXFP1 system

As R2-Luc retained high binding affinity with the recep-
tor RXFP1, we used it as a novel bioluminescent tracer in 
competition assays to determine the binding potencies of 
various RXFP1 ligands (Fig.  6a). Competition binding of 
the mature easily-labeled relaxin showed a typical sigmoi-
dal curve, with a calculated pIC50 of 9.36 ± 0.02 (n = 3), 
which was higher than the measured pIC50 (8.82 ±  0.03, 
n = 3) of relaxin-3. This is consistent with the finding that 
relaxin-2 has higher activity than relaxin-3 towards RXFP1 
(Bathgate et  al. 2006; Sudo et  al. 2003). Thus, the novel 
bioluminescent relaxin tracer could sensitively monitor the 
binding potencies of different ligands towards the receptor 
RXFP1.

Relaxin-3 (also known as INSL7) can also bind and 
activate RXFP1 in  vitro. It has three highly conserved 
Arg residues in the B-chain—B12Arg, B16Arg, and 
B26Arg (Fig. 6b). In our previous work, we replaced these 

Fig. 5   Binding of the NanoLuc-conjugated relaxin towards the 
receptor RXFP1. a Saturation binding with the receptor RXFP1. 
HEK293T cells transiently overexpressing human RXFP1 were used 
as the receptor source. Nonspecific binding data were obtained by 
competition with 1.0 μM of mature easily labeled relaxin. The meas-
ured bioluminescence data were expressed as mean ±  SE (n =  3). 
Total binding data were fitted to Y = BmaxX/(Kd + X) + NsX, specific 
binding data to Y = BmaxX/(Kd + X), and nonspecific binding data to 
a linear curve, using the SigmaPlot10.0 software. b Scatchard plot of 
the specific binding data. c Binding of R2-Luc with non-transfected 
HEK293T cells and binding of Luc-Cys with HEK293T cells overex-
pressing RXFP1. The measured bioluminescence data were expressed 
as mean ± SE (n = 3). All data in this figure are representative of two 
independent experiments that gave essentially the same results

Fig. 6   Bioluminescent ligand–receptor binding assays for relaxin-
RXFP1 system. a Competition binding using the NanoLuc-conju-
gated relaxin as a tracer. The measured relative bioluminescence 
data were expressed as mean ±  SE (n =  3) and fitted to sigmoidal 
curves using the SigmaPlot10.0 software. Data are representative of 
two independent experiments that gave essentially the same results. b 
Amino acid sequence alignment of relaxin-3 B-chains from different 
species. The three highly conserved Arg residues are shown in gray
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positively charged Arg residues with negatively charged 
Glu and measured their binding potencies towards RXFP3 
and RXFP4 (Wang et al. 2014; Zhang et al. 2014). In the 
present work, we determined their binding potencies 
towards RXFP1 by using the novel bioluminescent binding 
assay (Fig.  6a and the calculated pIC50 values were sum-
marized in Table 1). When the B-chain C-terminal B26Arg 
was replaced by Glu, the mutant retained similar bind-
ing potency towards the receptor RXFP1 compared with 
the wild-type relaxin-3. Thus, B26Arg was not required 
for binding with RXFP1 although it is critical for bind-
ing with RXFP3 and RXFP4 (Table 1). When the B-chain 
central B12Arg or B16Arg was replaced by Glu, both 
mutants almost lost their binding potencies with RXFP1 
(pIC50  <  6), which suggests that both Arg residues were 
critical for relaxin-3 to bind RXFP1. These two B-chain 
central Arg residues are also involved in binding with 
RXFP3 and RXFP4, but their roles are less important than 
those of B26Arg towards RXFP3 and RXFP4 (Table  1). 
Thus, the three highly conserved B-chain Arg residues play 
distinct roles in binding with RXFP1, RXFP3, and RXFP4.

Application of the bioluminescent ligand–receptor 
binding assay to other protein/peptide hormones

Protein/peptide hormones are the largest group of endog-
enous signaling molecules, including growth factors, 
cytokines and neuropeptides. By binding specific cell mem-
brane receptors, proteins/peptide hormones play important 
biological functions and some of them have been developed 
as drugs for the treatment of diseases. Our present biolu-
minescent ligand–receptor binding assay could be applied 
to other protein/peptide hormones in the future studies 
due to its high sensitivity, safety, and convenience. There 
are two general approaches to prepare the NanoLuc-based 

bioluminescent tracers: chemical conjugation and genetic 
fusion. In the chemical conjugation approach, a recombi-
nant or chemically synthesized protein/peptide hormone 
was covalently cross-linked with an engineered NanoLuc 
through a suitable cross-linker. Using this approach, we 
have established bioluminescent ligand–receptor binding 
assays for INSL3 (Zhang et al. 2013a), ghrelin (Liu et al. 
2015), and relaxin (present work). In the genetic fusion 
approach, a protein/peptide hormone was genetically fused 
at the N-terminal or C-terminal of NanoLuc and the fusion 
protein was overexpressed in suitable host cells. Using 
this approach, we have established bioluminescent ligand–
receptor binding assays for leukemia inhibitor factor (He 
et al. 2014) and erythropoietin (Song et al. 2015). In sum-
mary, the novel bioluminescent ligand–receptor binding 
assay has wide applications in interaction studies of pro-
tein/peptide hormones with their receptors in future.
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